Introduction
Caloric restriction (CR) retards the aging process in laboratory rodents as characterized by a delayed occurrence or complete prevention of a broad spectrum of age-associated pathophysiological changes and a 30-50% increase in maximum lifespan [1] . The maximum lifespan of fish, rotifers, spiders and other non-mammals is also extended by CR [1] . An active area of research in biological gerontology concerns the mechanisms by which CR retards the aging process. There are five classes of interrelated and non-exclusive explanations for CR's mechanism: (i) decreases in oxidative stress [2] ; (ii) decreases glycation or glycoxidation [3] ; (iii) decreases in body temperature and circulating thyroid hormone levels associated with a hypometabolic state [4] , (iv) alterations in gene expression and protein degradation [5] , and (v) neuroendocrine changes [6] .
We have used oligonucleotide microarrays to examine the influences of aging and CR on gene expression and herein review our studies in mice and rhesus monkeys.
Supported by NIH grants P01 AG11915 (R.W.), R01 AG18922 (R.W.) and R01 CA78723 (T.A.P.). T.A.P. is a recipient of the Shaw Scientist (Milwaukee Foundation), Burroughs Wellcome Young Investigator, and Basil O'Connor (March of Dimes) awards. A well-known consequence of both aging and muscle injury is reinnervation of motor neuron units [13] . Genes involved in neuronal growth accounted for 9% (5/58) of genes highly induced in 30-month-old animals, including neurotrophin-3 and synaptic vesicle protein-2. PEA3, a transcriptional factor induced in the response to muscle injury and shown to be highly expressed in muscle from old rats [14] was also induced.
Effects of Caloric Restriction and Gene Expression

Genes Downregulated with Aging in Muscle
55 genes (= 0.9% of the 6,347 genes on the array) displayed more than a 2-fold age-related decrease in expression. Genes involved in energy metabolism accounted for 13% (7/55) of these alterations. Several transcriptional alterations suggest a decrease in mitochondrial function or turnover, including reduced expression of genes encoding the ATP synthase A chain, NADP transhydrogenase, and LON protease (implicated in mitochondrial biogenesis). This transcriptional pattern may reflect decreased mitochondrial biogenesis secondary to reactive oxygen species (ROS)-inflicted mitochondrial damage [15, 16] .
Aging was also characterized by large reductions (2-fold or more) in the expression of several biosynthetic enzymes (e.g., cytochrome P450 IIC12, squalene synthase, stearoyl-CoA desaturase). This suppression was accompanied by a concerted decrease in the expression of genes involved in protein turnover (e.g., 20S proteasome subunit, the 26S proteasome component TBP1). These observations suggest that, as the induction of a stress response associated with damaged proteins and other macromolecules ensues, the very systems required for the turnover of such molecules are declining, perhaps due to an energetic deficit in the cell.
Age-Related Changes in Gene Expression Are Reversed by CR
If differential gene expression patterns in tissues of aged animals represent biological (as opposed to chronological) markers of organismal senescence, a significant fraction of these markers should be affected by CR. Further, CRmediated attenuation of specific age-related changes in gene expression would confirm the significance of the data obtained using high-density oligonucleotide arrays and validates their utility as markers of biological age.
In order to study the effects of CR on the gene expression profile of aging, caloric intake of C57BL/6 mice was reduced by 26% in early adulthood (2 months of age), and CR was maintained until the age of sacrifice at 30 months. Aging-related changes in gene expression profiles were remarkably attenuated by CR. Of the largest age-associated alterations (2.0-fold or higher), 29% (33/113) were completely prevented by CR and 34% (38/113) were partially suppressed. Of the four major gene classes that displayed consistent age-associated alterations (i.e., stress response, biosynthesis, protein metabolism and energy metabolism), 84% (26/31) were suppressed either completely or partially by CR. The striking effect of CR on age-related changes in gene expression patterns validates the conclusion that most of these reflect biological age and can serve as biomarkers of aging.
Aging Retardation by CR Is Associated with a Metabolic Shift
In addition to opposing the progression of age-associated changes in gene expression, CR shifts the expression level of genes, which do not show changes with aging. Our data suggest that CR causes a metabolic reprogramming characterized by a transcriptional shift towards energy metabolism, increased biosynthesis and protein turnover. CR resulted in the induction of 51 genes (1.8-fold or higher) as compared with age-matched controls. Nineteen percent (10/51) of genes in this class are related to energy metabolism. Modulation of carbohydrate metabolism was evident (e.g., induction of glucose-6-phosphate isomerase, fructose 1,6-biphosphatase and transketolase). Transketolase is in the pentose phosphate pathway which provides NADPH for biosynthesis and reducing power for several antioxidant systems. Interestingly, CR may act to increase insulin sensitivity through the induction of glucose-dependent insulinotropic peptide and PPAR-γ, an insulin sensitizer [17, 18] . Possibly, alterations in insulin signaling by CR in mice and through life-extending alleles of Caenorhabditis elegans daf-2 (which encodes an insulin receptor) are mediated through a similar pathway that senses the energetic state of the cell [19, 20] .
Perhaps due to the reduced availability of dietary sources, biosynthetic ability also appears to be induced in CR mice based on higher expression of glutamine synthase, purine nucleoside phosphorylase and thymidylate kinase. Remarkably, 16% (8/51) of transcripts highly induced by CR encode proteins involved in protein synthesis and turnover. The overt shift in gene expression profile towards protein turnover and biosynthesis in CR mice contrasts with the evidence for reduced protein turnover and the accumulation of altered proteins in age-matched controls.
Gene Expression Profile in Calorie-Restricted Mice Suggests Decreased Macromolecular Damage
CR was associated with a reduction of 1.6-fold or more in the expression of 57 genes. Twelve percent (7/57) of these were clearly associated with stress responses and/or DNA repair. The most substantial suppression of gene expression by CR among the 6,347 genes examined was for a murine DnaJ homolog (3.4-fold), a pivotal and inducible heat-shock factor which senses and transduces the presence of misfolded proteins in bacteria [21] . Presumably, reduced generation of toxic byproducts of metabolism in CR mice results in a lower steady-state level of modified proteins, triggering a downregulation of this gene. The hypothesis of lower steady-state levels of toxic metabolic byproducts is also supported by CR lowering the expression of cytochrome P450 isoforms IIIA and Cyp1b1 (involved in detoxification), Hsp105 (a heat-shock factor), aldehyde dehydrogenase (an inducible enzyme involved in detoxification of metabolic byproducts), and an oxidative stress-induced protein of unknown function. Reduction of endogenous damage by CR is apparently not limited to proteins, since CR reduced the expression of several DNA repair genes including XPE, RAD50 and DNA polymerase-β.
How does CR reduce the generation of toxic byproducts of metabolism? One putative mechanism of action is a lowered metabolic rate due to reduced substrate availability for mitochondrial electron transport and subsequent ROS production, a view that is controversial based on observations of whole animal oxygen consumption measurements in CR rodents [2] . We find molecular evidence to support a state of lower basal metabolic rate in CR mice through lowered expression of the thyroid-hormone receptor-α gene.
Gene Expression Profile of Aging and CR in Mouse Brain
The same experimental design was employed to study the neocortex and cerebellum [22] (Table 2 ). Of the 6,347 genes surveyed, only 67 (1%) displayed an increase of >1.7-fold in expression levels with aging in the Effects of Caloric Restriction and Gene Expression ↑ DNA synthesis Nucleotide precursors DNA replication factors * Aging changes apply to both the neocortex and cerebellum. The study of the effect of caloric restriction was limited to the neocortex. Adapted from Lee et al. [22] . neocortex, whereas 63 (1%) displayed an increase of <2.1-fold expression with aging in the cerebellum. A subset of these genes was used for a comparison between oligonucleotide microarray data and TaqMan real-time quantitative polymerase chain reaction assays, which demonstrated excellent overall agreement between the methods.
Age-Associated Increase in Transcripts Involved in Inflammatory and Stress Responses
Of the upregulated genes, 20% (14/67) and 27% (17/63) could be assigned to an immune or inflammatory response in the neocortex and cerebellum, respectively. Transcriptional alterations in several genes of this category were shared by the two brain regions, although fold-changes tended to be higher in the cerebellum (Table 3) . Interestingly, we saw a concerted induction of the complement cascade components C4, C1qA, C1qB and Effects of Caloric Restriction and Gene Expression C1qC. Complement proteins are found in the senile plaques characteristic of Alzheimer's disease [23] . Similar to the gastrocnemius muscle, genes involved in a stress response (consistent with a state of oxidative stress and accumulation of damaged proteins) accounted for 24% (16/67) and 13% (8/63) of genes highly induced in the neocortex and cerebellum, respectively, of old animals ( Table 4) . These included the four cathepsins (lysosomal proteases) and the several heat-shock factors (e.g., Hsp40, Hsp27, Hsp59). Also induced with age was the gene encoding ubiquitin, a major stress-inducible transcript that marks altered proteins for degradation by the ubiquitin/ATP-dependent proteosome pathway. The accumulation of intracellular inclusions containing misfolded, ubiquitinated proteins is a hallmark of several neurodegenerative disorders [24, 25] . Possibly, the molecular basis for the induction of chaperones and lysosomal proteases in the aged brain is protein oxidation subsequent to inflammation and mitochondrial ROS production.
We also observed an induction of the early response genes junB and c-fos, which are co-induced in response to neocortical injury or hypoxic stress and GFAP, a marker of reactive astrocytosis induced in the aging brain (Table 4) . Taken as a whole, our observations support the concept that the aging process in the brain is associated with a state of heightened immune reactivity and oxidative stress accompanied by the accumulation of altered or misfolded proteins. Therefore, a chronic state of oxidative stress appears to be a common transcriptional feature of aging in both brain and skeletal muscle.
Several transcripts, which declined in expression, encode nuclear genes involved in mitochondrial functions. These include NADP transhydrogenase, cytochrome c oxidase subunit VIII and the ATP synthetase-γ and δ chains which are all either components of the mitochondrial electron transport system or support its function. This transcriptional profile suggests that mitochondrial function may be compromised in the aged brain, parallel to observations in skeletal muscle.
CR Retards Brain Aging at the Transcriptional Level by Selectively Suppressing Neuroinflammatory and ROS-Related Transcripts in the Brain
Of the largest age-associated changes in the neocortex (1.7-fold or more), 30% (34/114) were prevented either completely or partially by CR. Remarkably, the effect of CR on age-associated alterations in gene expression was highly dependent on transcript class: CR influenced only 20% (2/10) of the observed decreases in expression of genes involved in neuronal growth and plasticity, whereas it prevented 50% (8/16) of the induction of stress response and 65% (11/17) of immune response-related genes. A similar pattern was observed in the cerebellum. The effects of CR on immune and stress-related transcripts agree with studies suggesting that reductions in both autoimmunity [1] and oxidative damage [26] occur in the brain of calorie-restricted mice.
CR Is Associated with a Transcriptional Reprogramming in the Brain
As was observed in muscle, CR shifted the activity of several genes that were unaltered in expression with age. As compared to age-matched controls, CR induced the expression of 120 genes by 1.7-fold or more in the neocortex, which represent 1.9% of the genes surveyed (Table 3) . One of the largest classes of transcripts induced by CR was comprised of growth and neurotrophic factors (9%). This class included the developmentally regulated homeobox genes Hox2.5, Hoxb3 and Hoxa6, all of which may be involved in neural Effects of Caloric Restriction and Gene Expression development, and the gene encoding neuroserpin, a factor that promotes neuronal plasticity.
Of the four genes upregulated by CR in the neocortex which were assigned to the stress-response class, two encode the I-κ B α chain and I-traf, which act to attenuate stress responses by inhibiting the NF-κ B-signaling pathway involved in the response to oxidative stress and inflammation in the nervous system [27] . CR also upregulated genes which modulate the inflammatory response such as Ia2 and Ia5 (encoding interferon-α isoforms 2 and 5), and Relb, a gene encoding a transcription factor which may suppress inflammation through NF-κ B-mediated signaling [28] .
CR was associated with a reduction of 1.7-fold or greater in the expression of 84 genes in the neocortex. The largest functional class (11%) consisted of genes involved in protein synthesis. Inflammatory-related transcripts downregulated by CR include the proinflammatory cytokine Mcp5. A state of lowered endogenous oxidative stress in CR mice is also suggested by reduced expression of the chaperone-encoding genes Hsp27 and Cypa, and also the genes encoding the p65 and p100 subunits of NF-κ B. Taken as a whole, these results suggest that metabolic alterations induced by CR may profoundly affect brain aging.
Gene Expression Profile of Aging and CR in Rhesus Monkey Vastus lateralis Muscle
We recently reported the effects of aging and adult-onset CR on the gene expression profile of 7,070 genes in the vastus lateralis muscle from rhesus monkeys [29] . The average lifespan of rhesus monkeys in our colony is ∼27 years and the maximum lifespan is ∼40 years. Gene expression analysis of old rhesus monkeys (mean age of 26 years) was compared to young animals (mean age of 8 years). Aging resulted in a selective upregulation of transcripts involved in inflammation (a class not observed to be upregulated in the mouse gastrocnemius muscle) and oxidative stress, and a downregulation of genes involved in mitochondrial electron transport and oxidative phosphorylation. Middle-aged monkeys (mean age of 20 years) subjected to CR since early adulthood (mean age of 11 years) were studied to determine the gene expression profile induced by CR. CR resulted in an upregulation of cytoskeletal proteinencoding genes, and also a decrease in the expression of genes involved in mitochondrial bioenergetics. Surprisingly, we did not observe any evidence for an inhibitory effect of adult-onset CR on age-related changes in gene expression. These results indicate that the induction of an oxidative stressinduced transcriptional response may be a common feature of aging in the skeletal muscle of rodents and primates, but the extent to which CR modifies these responses may be species-specific. However, critical differences in the experimental design of our mouse and monkey studies may explain the lack of efficacy of CR in retarding age-associated transcriptional changes in monkeys. Most notable are the early life onset of CR in the mouse study and the study of truly old calorie-restricted mice (vs. middle age calorie-restricted monkeys) in the mouse study.
Implications for Aging and Nutritional Research
These data underscore the utility of high-density oligonucleotide microarray gene expression analysis in the study of complex biological phenomena such as the aging process. Further, gene chips are useful tools for evaluating the impact of nutritional interventions by providing a 'bird's eye view' of gene expression alterations. The promise of this approach derives from the ability to provide (eventually) a genome-wide screen within a single experimental setup. Proteomics is expected to offer similar opportunities.
However, certain limitations are associated with data generated by microarrays. First, the observed collection of gene expression alterations in aging whole tissues such as muscle and brain is complex, reflecting the presence of diverse cell types. Second, the ability of oligonucleotide microarrays to accurately measure mRNA levels for thousands of genes has pre-dated the development of statistical tools to minimize the occurrence of false positives and false negatives. Additionally, changes in mRNA levels may not always result in a parallel alteration in protein levels.
Nonetheless, the complete or partial prevention of the majority of the observed aging alterations by CR in mouse muscle and the targeted prevention of stress response and inflammatory transcripts in the brain provide biological validation for this approach. Further, these data suggest that gene expression patterns can be used to assess the biological age of a tissue. Extension of our study to other organs should result in the identification of hundreds of tissuespecific biomarkers of aging, facilitating the elucidation of aging mechanisms and the development of interventions. Importantly, the method described here is readily applicable to the investigation of aging in humans through the use of small tissue biopsies. 
Discussion
Dr. Taylor: You said that you could begin energy restriction in mid-life in the mice and also see an effect. At what age can you start? Have you done a gene expression analysis to show the point at which you begin to see the differential profile between the restricted animals and the control fed animals?
Dr. Weindruch: We have not done gene expression analyses starting in middle age yet, but we did do a series of experiments on 5-month-old animals that were either normally fed or subjected to CR at about 1 month of age. We were able to define a large number of changes in gene expression associated with that intervention. We screened about 11,000 genes in each of six tissues and I have spent much of the last 4 months trying to determine which changes in individual genes were shared among multiple organs. I have also analyzed this at the level of postmitotic tissues, looking at the heart, gastrocnemius, and two brain regions. This is providing a fascinating set of core changes in gene expression associated with energy restriction.
Dr. Taylor: And are the changes that you see in young animals and old animals the same? Are they consistent -in other words, are different genes changing at different ages, or do you pre-program the animal early on?
Dr. Weindruch: I haven't analyzed the data enough to answer that question. I have focused on trying to see which changes in gene expression are shared and I can't answer your question based on those data.
Dr. Arnaud: By restricting food you are restricting fluid, because food is associated with water. We know that fluid restriction increases the likelihood of bladder cancer and urinary tract infection, and it also has an effect on protein turnover and energy metabolism. I do not know of any work on water restriction in animals. Are you aware of any such studies?
Dr. Weindruch: I think there is literature on water restriction but I have not been involved in such work. I can claim no specific expertise on water restriction.
Dr. Arnaud: But in your experiments were the animals restricted in their water intake because they ate less? Endogenous water production from the oxidation of food would surely be reduced.
Dr. Weindruch: In our colony the experimental animals drink either the same amount of water or more than the controls. What is your experience, Dr. Taylor?
Dr. Taylor: Ours drink much more water. Dr. Arnaud: So it appears that they compensate. Dr. Rosenberg: There has been discussion elsewhere suggesting that we should think of aging not as being something that happens to the whole organism but as something that happens at different rates and perhaps even with different mechanisms in different organ systems. One of the specially interesting things about your work on RNA gene profiling is that you have looked at different organ systems. Can you start to conclude that what you see in aging, and perhaps even in the effect of energy restriction, is in any way tissue-specific, or are there generalizations that go from one organ to another? Dr. Weindruch: We first focused attention on the postmitotic tissues that I have talked about -skeletal muscle and two regions of the brain. Therefore those would fall under the umbrella of the critical targets in aging that I spoke of. We do see Effects of Caloric Restriction and Gene Expression consistency in terms of the shared upregulation of the stress response genes -basically genes dealing with damaged molecules and their removal -and we see shared signs of decreases in energy metabolism genes in the muscle, most overt in monkeys. There were plenty of ETS genes that were downregulated in the 1.3-to 2-fold range that we didn't report in our Science paper [1] , basically because we were focusing on changes of 2-fold or more. So we do indeed see nice agreement on the prominent pathways, but I haven't done the type of analysis in the other tissues such as kidney and liver that would tell you what is dominant there. We are in the process of doing that.
Dr. Rosenberg: Could you comment on the extent to which your work in energy restriction in primates reinforces the original observations in rodents?
Dr. Weindruch: Our study involves a 30% lowering of energy intake in rhesus monkeys, with the restriction starting at about 10 years of age in an animal that is middle aged by 22 or so, and with an average lifespan of 27. The oldest-ever rhesus monkey was 40 years. Our study began in 1989 with 10-year-old monkeys, and more animals were added in 1994, such that there were 78 animals, half on restriction, half controls, some female, some male. As to what we are able to say to date, our oldest monkeys are just leaving middle age, being 23 years old, and they have been on the diet for about 12 years. This is a very interesting time because they are starting to show the pathophysiologic changes associated with the aging process. It is clear that the energy-restricted animals are showing many beneficial effects: they are less prone than the controls to develop diabetes and their glucoregulation is excellent compared with the control animals; there are favorable changes in the blood lipids (we collaborate with Drs. Iris Edwards and Larry Rudel to do this work) such that triglyceride levels are lower and triglycerides from the restricted animals are less prone to bind to proteoglycans in an in vitro assay, indicating reduced potential for atherogenicity; there are fewer signs of arthritis in the spine of the restricted animals; and we have reported lower free radical damage in skeletal muscle biopsies, as assessed histologically by light microscopy and electron microscopy using immunogold techniques [2] . The only negative finding has been the gene expression profiling in our recently published paper [3] , whereby the main changes that were occurring with aging in the control animals were not attenuated in the restricted animals. There are at least two reasons why this latter finding may be different from our finding in the rodents. One is that the restriction was started at 10 years of age in the monkeys, a quarter of the way through their maximum lifespan, whereas in the mice it was started at 1 month of age, in other words when they were very young animals. Even more important may be the fact that our monkeys were in middle age when the biopsy was taken, while the mice in our study were almost at their maximum lifespan. So in the monkeys we really weren't studying old muscle when we did that experiment, and I'm very motivated to repeat it in 10 years' time.
Dr. Poblete: I have always thought that undernutrition has an adverse effect on life span.
Dr. Weindruch: It is important to realize that what is being done here is an experimental manipulation where we go to great lengths to prevent any mal nutrition. Typically on this planet when people are undernourished they are also malnourished, and so the number of free-living individuals who are like the mice or rats in our laboratory is very small. If free-living people try to lower their energy intake by 30%, it is a great challenge to get all the essential nutrients at the same time. I think this needs to be viewed as a special type of experimental manipulation which does not overlap with what happens with low energy intakes in the usual human situation; those are usually associated with malnutrition and negative health outcomes.
Dr. Cottrell: Your animals are in a very stable environment. I wonder what would happen if you put them in a more natural competitive environment. There are mutant Effects of Caloric Restriction and Gene Expression strains of the nematode Caenorhabditis elegans that live a lot longer than normal, but if you put them in a competitive environment, they don't live longer; in fact they live a lot shorter. Do you have any equivalent data on your energy-restricted animals?
Dr. Weindruch: There are environmental stresses that have been looked at in the context of energy restriction, most notably thermal stress. If you take an energyrestricted animal, mouse or rat (most work has been done in rats), and subject it to heat stress it will do better than control fed animals. However, if you impose cold stress the well-insulated control animals do better than the restricted animals. I think the relation between energy intake and aging tells us something about basic mechanisms underlying the aging process, and the linkage with energy-producing pathways is becoming clear and obvious. I am not sure one has to extend it to evolutionary issues in order for the model to maintain its importance and value as a tool for studying the retarded aging.
Dr. Roberts: Physical activity is increased quite dramatically in rodents by energy restriction -I think this represents food-seeking behavior. But at the same time I guess that physical activity by itself as an intervention would not have the same magnitude of effect as energy restriction. Are you using that kind of experimental procedure to try to reduce the number of genes which you consider significant? That is, if physical activity by itself does not have beneficial effects on aging but is associated with many of the genetic effects that you see, that would be one way of reducing the huge number of candidate genes you currently have.
Dr. Weindruch: I would argue that physical activity does have beneficial effects on survival curves, because in both laboratory rodents and people the average lifespan appears to be improved by regular physical activity. The maximum lifespan is not increased but I would not agree with the statement that it doesn't have beneficial effects on the health of organisms and hence on their lifespan. We have not tried to control the physical activity of our animals in any way, but it is difficult to quantitate what percentage of the overall survival curves depends at least in part on the extra activity that the animals show, especially just before they are fed, when they are very excited about the prospects of a good meal. However, we have not done anything to try to limit activity in the restricted animals.
Dr. Serrano Ríos: I would like to have heard something about the role of insulin sensitivity in all the changes you described, because obviously one of the first events following energy restriction will be an increase in insulin sensitivity. This may be relevant because there are recent data showing that insulin may play a role in an animal model of the aging process [4] . In fact, new pathways have been described in the brain where you have, probably among other ligands, insulin and insulin-like growth factors. Therefore I would like you to comment on that, because I think it is one of the crucial pathways for aging.
Dr. Weindruch: Your point that insulin pathways are important in aging is right on target. Some of the most high profile work in aging research has been that of Cynthia Kenyon and others. Cynthia has worked on C. elegans and there is an impressive body of evidence showing that disruption in the insulin-signaling pathways leads to a longer lifespan [4] . Those results have been expanded into other model systems, such as Yeast and Drosophila.
Dr. Serrano Ríos: Did you look at gene expression in adipose tissue? There are some new peptides like resistin that are supposed to have a regulatory impact on the function of certain neurons. I think this may be very important, as adipose tissue is obviously a crucial tissue in terms of the pattern of gene expression, just as it is a crucial tissue in estimating the impact of energy restriction.
Dr. Weindruch: We haven't looked at that but I think it is an outstanding suggestion. Dr. Weindruch: I think it is unnecessary to invoke an ad libitum -fed, often obese control as 'normal feeding'; in fact I don't do that in my laboratory. My control animals, as I tried to say, are fed probably about 20% less than the average ad libitum intake of that mouse model, and accordingly we avoid the use of obese animals as controls. When I started working with Dr. Prolla and he came to see my colony, he was amazed that mice lived as long as 30 months, and that the control animals were fairly healthy, active, and moving around in their cages. As a geneticist he was used to group-housed, ad libitum-fed animals that were all quite obese and often dead by 25 months of age. What I think is really important here is not what is 'normal', but that there is a clear relation between energy intake and maximum lifespan and maximum health span. The further away you go from the probably abnormal laboratory state of ad libitum feeding leading to early disease and early death, and the nearer you approach a 40-kcal/mouse/week regimen, which is the most severe restriction we could impose, the greater the increase in lifespan and health span. So I think the point about what you call a control is really not a critical issue.
Effects of Caloric Restriction and Gene Expression
Dr. Morley: We have looked at free-living baboons in Ethiopia and compared them to classical baboons living in colonies in the USA. A 20-30% restriction brings the latter close to the condition of animals in the wild. So I think what we are looking at is getting rid of obesity with the baboon energy-restriction studies, which is very important. In the mouse studies, on the other hand, we are reducing their energy intakes to values that are probably below what you would find in the wild. When I look at the data on these animals they all have endocrine profiles that are characteristic of old animals. This is obviously important as there is a move towards replacing hormones in older people.
My question is, if you have bad hormones when you are very young does this mean that your healthful life will not be very good? You are telling us that your mice are somewhat hypothyroid. When my patients are hypothyroid they function poorly, so I'm trying to understand the effects of the endocrinological changes in energy restriction as they might relate to a healthful life.
Dr. Weindruch: The animals look healthy and are very active. Interestingly, when we try to determine what the animals are dying from, the ones in the restricted groups aged 45 months or so -the really old ones -look fine at autopsy, just dead! I think it would be important to do careful neuroendocrine studies to parallel those questions one asks in the clinic in order to answer your question.
Dr. Meydani: How do you decide what is a meaningful change when you do this gene profiling?
Dr. Weindruch: It is an evolving process. During the review of our Nature Genetics paper [5] , based on the suggestion of a very knowledgeable reviewer, criteria evolved to ensure a minimal separation between the fold change and the standard error, so that we focused our inquiry on genes that displayed small variations among the mice in an age-diet group. Specifically, the changes had to exceed 1 s.e.m. from a 1.3 fold change. That is one kind of cutoff. We also have a variety of other rules that we follow -for example, whether the signal is called present or absent by the software, whether among the nine pair-wise comparisons generated when you study 3 young and 3 old animals, all the changes go in the same direction, and so on.
Dr. Malnoe: You mentioned energy restriction mimetics. Could you comment on what these mimetics might be in terms of nutrition.
Dr. Weindruch: I could refer you to a special issue of the Journal of Gerontology, recently published, reporting a workshop held by the National Institute on Aging on the clinical implications of energy restriction [6] . The mimetics that our group focused on had to do with aspects of free radical detoxification, so the usual spectrum of antioxidants and new wave antioxidants was discussed; we also focused on glucoregulatory pathways -an example would be insulin sensitizers and the like. Specific nutrients or nutraceuticals were not much discussed in the context of that particular session.
Dr. Wellman: You must often be asked to extrapolate your animal findings to humans. When you're asked to make that leap, how do you respond?
Dr. Weindruch: I think that the animal studies are providing us with a much better understanding of the biology of decelerated aging; this has led to the whole area of inquiry about developing mimetics to copy the effects of energy restriction. In terms of direct human application I tend to avoid speculation, but we may well be surprised if, say, the pharmaceutical industry succeeds in devising a safe way to control appetite, so that energy restriction on a large scale becomes much easier.
Dr. Taylor: I would like to make a comment about cataract. Cataract is a disease of the elderly and is four times as frequent in diabetic individuals as in non-diabetics. We have developed a mouse model of cataract and have been able to delay the onset of the cataract in these animals by energy restriction. This is a postmitotic tissue -in fact most of the cells don't even have DNA. So this just shows how profound the phenomenology is and maybe it answers some of your questions, because abnormal glucose regulation is directly related to the high frequency of the cataract.
